A multi-material Eulerian finite element method for simulating solid-fluid interaction analyses is proposed in this paper. Although a conventional solid-fluid interaction code models solid and fluid in a Lagrangian and an Eulerian formulation respectively, the present computational framework bases on just the Eulerian formulation for solid and fluid. A mixture theory is used for handling multi-material (solid and fluid) elements. Solid and fluid element stresses are then mixed by considering their density function.
Introduction
A computation of solid-fluid interaction problems are nowadays no longer un-researched 1),2). The most famous solid-fluid interaction has a Lagrangian solid and an Eulerian fluid model, which usually implies two solvers. Both solvers interact during the simulation. Initially, fluid pressure is given as load to the solid. After the solid solver has carried out the calculation, resulting solid velocities are given to the fluid as load. Then, the fluid solver calculates. This loop remains until a desired time or until solution converges.
The objective of this paper is to present a new approach for solid-fluid interaction analysis. All materials are modeled in same domain, an Eulerian Domain. Mixed elements are then handled by a mixture theory. We expect to take the advantages of the Eulerian formulation even for solids, as like large deformations and material separation. In this publication only the quality of solid-fluid interaction is presented. Quantitative results will be conducted later.
It is to be pointed out that present computational framework bases on an existing explicit finite element program for solid dynamic problems 3). The implementation of the fluid solving capacity considers that. For incompressible viscous fluid, the Navier-Stokes equations which represent the equation of momentum conservation have commonly four terms: inertial, internal and external forces. Differentiating those equations from them of solid dynamics, only the stress is calculated in another way. In other words, different constitutive equations are used. Additionally velocities are updated due to the fluid pressure effect.
Computational Framework
The computational framework is introduced in this section.
The following three sections describe the three main parts of the solver: the solid, fluid and solid-fluid interaction part, respectively. Before starting with details, it is to be pointed out that the solution of this fixed-mesh finite element method is splitted here in two steps, a Lagrangian step and an Eulerian or advective step. Later step transports the material and corresponding solution variables through the remapped mesh. Both steps, the Lagrangian and Eulerian are solved at each time step. The flowchart of a computational step is described in below box. After reading and initializing the program data, a loop is started until the wished end time is reached. where P is the material pressure. Equation (4) is often called the advective, convective or Eulerian step. This represents the material transport through the cells of the fixed Euler mesh. In the operator splitting method Eqs.(3) and (4) are solved sequentially as illustrated in Fig. 2 . In order to extend existing traditional Lagrange finite element programs to an Eulerian formulation in a convenient way, practical-to-implement finite difference subroutines have been focused here. In this hydrocode, a monotonic, second order, cell-centered algorithm has been programmed for cell-centered solution variables, while a modification has been done for the momentum advection, which is vertex-centered. In this case, the vertex-centered momentum will be averaged to a cellcentered momentum, which is advected with the same algorithm for cell-centered variables. A final step is required, namely to extrapolate the cell-centered results to a vertex-centered ones15),16),17). After the Lagrangian step, the deformed mesh is remeshed to the original place easily by setting nodal coordinates back. Here, it's important to remember that the deformed mesh is not allowed to have longer deformations than the element size. The Courant time step control method must take care of this. Here the second order Van Leer's MUSCL 17) (monotone upwind schemes for conservation laws) method is implemented. MUSCL method is a one-dimensional transport algorithm. In logically meshes the onedimensional advection is carried out along the mesh lines. Notice that advecting materials implies an automatically movement of interface between materials.
7.
Computational Results
Calculations carried out here assumes an deformable body and an incompressible fluid. At first instance, present results try to show the quality of the solid-fluid interaction rather than giving a quantitative validation which is planned as next. The pressure-velocity exchange process while interacting can be clearly appreciated on present computation results. Material data, model geometry and simulation information as well results are presented. In all calculations the time step size is 0.00005 seconds. Since material used here are almost incompressible, the mass is conserved. Further, a finer mesh has been selected for reducing interface diffusion.
Ring Falling onto Fluid
In the first computation, an elastic ring falls free onto a fluid. A solid-fluid interaction simulation is target by expecting elastic ring deformation due to fluid pressure at contact surface as well fluid crater formations due to the ring buoyancy. Material properties are shown in Table 1 . As for the geometry of the 
Conclusion
An Eulerian finite element method for simulating solid-fluid interaction problems has been presented here. Solid-fluid interaction tests with flexible or elastic bodies have been selected rather than rigid bodies. Interaction is well simulated as shown in the ringfluid, bar-fluid and pontoon-fluid calculations. Buoyancy effects are also well simulated. In fact, calculations show promising results regarding the use of simple mixture theory. A complete stress mixture is carried out at each element rather than an interaction algorithm is used. Worth to mention is the fact that the computational framework has been adapted to the existing explicit finite element method without remarkable changes in code. This could encourage researchers on extending their existing Eulerian codes for further research on solid-fluid interaction with a mixture theory.
Regarding accuracy, a much accurate interaction process is reached with finer meshes, however the computational cost can increase rapidly. It's also not be hidden that an Eulerian solid faces a meshing limitation by regular-mesh solvers. Interesting also could be simulations considering more of the advantages of an Eulerian finite element approach. Problems like large deformation with mesh distortion, contact, creation of new free-surfaces after material separation are almost well overcome by using an Eulerian finite element method. 
